Introduction-In disease states such as heart failure, myocardial infarction and hypertrophy, changes in the expression and location of Connexin43 (Cx43) occur (Cx43 remodeling), and may predispose to arrhythmias. Stretch may be an important stimulus to Cx43 remodeling; however, it has only been investigated in neonatal cell cultures, which have different physiological properties to adult myocytes. We hypothesized that localized stretch in vivo causes Cx43 remodeling, with associated changes in conduction, mediated by the renin/angiotensin system (RAS).
Introduction
Changes in wall stress and stretch of the ventricular myocardial cells occur physiologically, with increases in muscle length and width during diastolic filling and during systole from the resistance of the afterload. Greater than normal physiological stretch occurs pathologically in states of volume and pressure loading and triggers changes in muscle force development, cell size and electrical activity, attributed to activation of signaling pathways and sarcolemmal ion channels through mechanotransduction processes (1) .
Gap junction remodeling has been found to occur in diseased myocardium in a variety of pathologies (2) (3) (4) (5) (6) , all of which are associated with changes in myocardial wall stress, contractility, metabolic state, activation pattern, and other potentially common intermediaries or stimuli of the remodeling process. In investigating these processes, interventions that cause pressure and/or volume overload either directly or by inducing a myopathic process are generally used in vivo as the stimulus for increasing wall stress and stretch (1;7) . Cell culture studies have also provided important insight into the role of stretch in modulating gap-junctional coupling, including the rapidity of profound changes within minutes of altered stretch, consistent with the short biological half life of the principal ventricular gap-junctional protein, connexin43 (Cx43) (8) . However, these studies have mainly used neonatal cardiac cells that have very different two-dimensional topology of cell arrangement and cell-cell connectivity and a fundamentally different pattern of organization of gap junctions that is characteristic of neonatal myocytes(8;9) We have previously described a method for regionally loading the myocardium by applying local stretch in vivo (10) . In addressing the hypothesis that localized myocardial stretch in vivo causes Cx43 remodeling with associated changes in conduction, mediated by the renin/angiotensin system (RAS), we used this method to study processes in the locally affected (stretched) region, avoiding the generalized systemic effects of pressure and volume overload.
Methods

Surgical preparation
Mongrel dogs weighing 20-30 kg were anesthetized with intravenous sodium pentobarbital (30-40 mg/kg). Maintenance of anesthesia was with boluses of sodium pentobarbital (10 mg/ kg) as required. Positive pressure ventilation was through an endotracheal tube by an animal respirator. A femoral arterial line was used to measure blood pressure and a femoral venous line to give 0.9% sodium chloride solution and drugs. Through a median sternotomy, the heart was exposed and suspended in a pericardial cradle.
The dogs were divided into 4 groups; Group (1) had the stretch device sutured in place and a region of the right ventricle subjected to stretch for 6 hours; group (2) had the stretch device sutured in place but stretch was not applied for the 6-hour observation period; group (3) did not have the stretch device placed on the RV; and group (4) had Olmesartan administered prior to and during the period of stretch. Olmesartan (Sankyo) is a highly specific angiotensin-II receptor (AT1 subtype) antagonist that distributes primarily to the extracellular fluid compartment (11) . An Olmesartan bolus (1 mg/kg iv) was given at baseline and again after 3 hours of stretch.
Stretch device
A custom built stretch device similar to one we have previously described(10) was sutured on the free wall of the right ventricle in Groups 1, 2 and 4. An area of the RV free wall approximately 1cm lateral to the interventricular groove and 1cm apical to the tricuspid annulus was selected for application of the stretch device. A small pneumatically driven piston pivoted the proximal ends of 4 levers around appropriately positioned fulcrums. Each of the levers was connected to a foot and the feet arranged to form the four corners of a square. The feet were sutured to the right ventricular epicardium. After 5 minutes of equilibration, the legs were splayed apart using the piston in groups 1 and 4. The diagonal distance between the legs was increased from 32 mm to 39 mm, an increase of 22%, which approximates the degree of stretch at end diastole during exercise, thus producing a significant change in muscle length but one that was within physiological limits and previously validated (10) .
Conduction mapping
Activation mapping was performed using a 312-bipolar electrode plaque array, with a distance between bipoles of 1.25 mm × 1.25mm. Mapping was performed in the region that was designated for application of the stretch device, before the stretch device was placed on the right ventricle and after removal following 6 hours of stretch (groups 1 and 4) or no stretch (group 2). Sutures on the surface of the right ventricle were used as markers so that the mapping was conducted in the identical place both before and after stretch. Mapping of activation was also done at similar time periods and at a similar location in group 3, which did not have a stretch device applied.
A computerized mapping system recorded signals from all electrode pairs simultaneously during pacing at 300ms cycle length, at twice threshold from the centre of the array (12) . Local activation times were assigned to each electrode manually using our previously published criteria and isochrones were constructed at 5 msec intervals (13) . A custom written program was then used to calculate local conduction velocities from the gradient of activation times in myocardial surface areas of 1.25 × 1.25 mm 2 (14) . The gradient of activation times at each local area were calculated from the activation times (time resolution 1 ms) at the 4 electrode sites that delimited the local area. From the local activation time gradient the direction (of propagation) and magnitude of the local vector velocity was calculated. Local vector velocities having a direction between −90° and −60° were averaged to obtain a global value of conduction velocity in the area of the array in that direction of propagation. The direction in which the global value of the velocity was the fastest was defined as the longitudinal conduction velocity (LCV); and the slowest was defined as the transverse conduction velocity (TCV) (14) . They corresponded with the long and short axes of the elliptical activation pattern and the anatomical long and short axis of the myocardial fibers on the epicardial surface of the right ventricle, confirmed by visual inspection.
Tissue processing
At the end of the experiment, the animals in each group were euthanized after inducing ventricular fibrillation by electrical stimulation. The hearts were then rapidly excised and plunged into ice-cold saline. Areas of the right ventricle, stretch and control, as well as from the LV were removed. The area of the right ventricle, between the four feet of the stretch device (stretched in group 1 and 4 or not stretched in group 2), was excised. The regions directly underneath where the feet had been applied were excluded from further analysis. The control area of the right ventricle was apical to and a minimum distance of 2cm away from where the stretch device had been applied. The LV tissue was from the free wall approximately 2cm from the interventricular groove midway between the base and the apex. The LV sample was divided into epicardial, mid-myocardial and endocardial sections. . After the samples had been snap frozen in liquid nitrogen, they were stored at −80°C. The frozen tissue then underwent quantitative Cx43 Western blotting and immunohistochemistry.
Immunohistochemistry
The ventricular myocardium was sectioned longitudinally (myocyte long axis) and transverse to the myocardial long axis on a cryostat and 10μm thick sections were collected onto poly-l-lysine slides. Sections were stained with hematoxylin and eosin stains (following standard histological procedures) and examined by standard light microscopy to confirm tissue preservation, cell structure and orientation. Tissue samples were orientated and reorientated to ensure precisely orientated transversely-and longitudinally sectioned tissue from the respective blocks.
For immunolabeling of total Cx43 the sections were fixed in methanol at −20°C for 5 minutes. Sections were blocked in 1% Bovine Serum Albumin (BSA) solution (Sigma) for 30 minutes at room temperature. The primary antibody was a specific anti-Cx43 monoclonal antibody raised in mice against a synthetic peptide corresponding to positions 252-270 of the native rat connexin (Chemicon International Inc). The sections were incubated with this antibody (1:1000 dilution in 1% BSA) for 2 hours at room temperature. The secondary was an anti-mouse antibody tagged with a Cy3 fluorochrome (Chemicon International Inc). After washing, the sections were incubated with the secondary (1:500 dilution in 1% BSA) for 45 minutes at room temperature. Immunolabeled sections were examined using a Leica TCS 4D confocal microscope using the green (TRITC) high density filter.
For specific labeling of the dephosphorylated fraction of Cx43 labeling the primary antibody was a monoclonal antibody (Zymed Catalogue No. 13-8300) that recognizes Cx43 only if certain residues are not phosphorylated. The antibody was incubated at 1/500 dilution for 2 hours at room temperature. The secondary antibody was as above.
In order to assess the degree of lateralization of Cx43 for each specimen, a previously published, blinded, semiquantitative visual method was used (15) . A simple, arbitrary score was derived based on the degree of clustering of the immunolabeled gap junctions in the following manner. After confirming longitudinal orientation by standard light microscopy of an adjacent section, immunolabeled sections were examined using phase-contrast transmission microscopy coupled with fluorescence microscope settings that maintained cell outline visualization to confirm longitudinal cell orientation throughout and assess the pattern of distribution of the immunolabeled gap junctions. Three randomly selected optical fields (~ 250,000 mm 2 ) of at least three separate tissue sections of each specimen were examined by a single experienced immunofluorescence microscopist blinded to the origin of the specimens. For each specimen a simple, arbitrary score based on the visually assessed degree of clustering of the immunolabeled gap junctions in each tissue section was assigned by a blinded experienced assessor. The scoring system used assesses Cx43 label distribution, ranging from being confined exclusively to the normal, transversely orientated clusters at cell abutments (score 1), to a distribution of labeling within longitudinal arrays along the length of the myocyte, with markedly diminished labeling at the end-on abutments (score 5). Although only semiquantitative, this technique has proven a useful classification (15) and identifies changes that are relatively gross and of likely biologic relevance.
For immunohistochemical quantification of phosphorylation state, the area of immunolabeling was measured using confocal microscopy. Single slice images were taken and the immunolabeled area of dephosphorylated Cx43 was expressed as a percentage of the total field area for 6 randomly selected fields. Measurements were made using PC Image Analysis (Foster-Findlay Associates, UK) software.
Quantitative immunoblotting
Total tissue homogenates were prepared and a 0.5μg/μl solution of homogenates was made up in sample buffer. 2.5μg of total protein from each sample was resolved by polyacrylamide gel electrophoresis (BioRad, Hercules, CA, USA) on a 12.5% gel (with a 4.5% stacker).The gel was electrophoretically transferred onto Polyvinyldene fluoride (PVDF) membrane (Immobilon-P-Transfer membrane), at 30volts constant voltage overnight at room temperature, using the Mini Trans-Blot® Electrophoretic Transfer Cell After densitometric quantification of band intensity all values were corrected for protein loading by expressing Cx43 as a ratio to the actin band on a coomassie stained gel run in parallel.
Statistical Methods
Values for conduction velocity and Cx43 quantity were normally distributed. Paired t-tests were therefore used to analyze the changes in conduction velocity before and after stretch, and to compare Cx43 values of stretched areas with control nonstretched areas. Where multiple measurements of a variable were made in a single animal/tissue preparation, the mean of these values was used as the value for that preparation (n=1) for statistical analysis. Significant difference between groups was defined as p<0.05.
The authors had full access to the data and take responsibility for its integrity. All authors have read and agree to the manuscript as written.
Results
Conduction velocity
The preparation was stable over the 6-hour period of the experiment (Table 1) ; with either no stretch (Group 2) or no device (Group 3) there was no significant change in transverse (TCV) or longitudinal conduction velocity (LCV). 
Western blot analysis of Cx43 in stretched myocardium
Total Cx43 in stretched RV (Group 1) was reduced compared to the nonstretched control region of the RV in the same hearts (86.1±32.2% vs 100±19.4%, p<0.02, n=11: Fig 1) , a reduction that was not seen in the corresponding area in either group 2 (device applied to RV but no stretch) or group 3 (sham operation with no device) (Figure 1 ), indicating that stretch alone causes a decrease in Cx43 by 13.9% (Figure 1) . No change in Cx43 in the LV occurred in any experimental group. In contrast, examination of Cx43 in animals treated with Olmesartan (Group 4) showed no significant change in Cx43 expression when comparing RV stretch area to the RV control area (stretch 93.6±16.7 vs. nonstretched 100.0± 16.9%, p=0.21, n=6) (Figure 1) indicating that blockade of the angiotensin-II receptor inhibited the stretch-induced loss of Cx43 in the RV.
Determination of Cx43 localization following myocardial stretch
Using the semiquantitative score, derived from immunolabeling, described above we analyzed the ability of myocardial stretch to alter Cx43 localization away from the intercalated disk. Distribution scoring (Table 2) shows that there is a significant increase in Cx43 labeling on the lateral membranes in the stretched myocardium compared to nonstretched RV in group 1 and in comparable regions of nonstretched myocardium in groups 2 and 3 and in the Olmesartan treated animals in group 4. Figure 2 shows that while control myocardium has Cx43 primarily at the intercalated disk region, stretched myocardium has increased Cx43 on the lateral membranes of myocytes. This lateralization of Cx43 is inhibited by pretreatment with Olmesartan. Both normal and sham treated myocardium show no changes in Cx43 localization and there were no differences in standard tissue histology between any of the myocardial areas of any of the experimental groups (data not shown).
Alterations in Cx43 phosphorylation following myocardial stretch
Because dephosphorylation of Cx43 is associated with a loss of Cx43 function, the phosphorylation status of Cx43 following myocardial stretch was examined by quantitative immunolabeling with an antibody that is specific for the dephosphorylated form of Cx43. In the ventricular myocardium of all groups the majority of the Cx43 was in the phosphorylated form (Figure 3) , with stretch causing a small but significant increase in the dephosphorylated form of Cx43 (Figure 3) 
Discussion
Results of Our Experiments
The effects of stretch alone on adult myocardium in vivo have not been previously reported. The results of our experiments show that localized stretch of adult ventricular myocytes in vivo causes a reduction of Cx43, a redistribution of Cx43 to lateral sarcolemmal membranes and a slowing of conduction in the transverse direction. These effects were completely prevented by blocking the angiotensin II receptor (subtype AT 1 ) with olmesartan.
The method that we used to investigate the effects of stretching has the following advantages (10) . It provides a measured stimulus to a segment of ventricular myocardium and allows correlation of that stimulus with local structural and functional measurements in the stretched myocardium compared to control nonstretched myocardium adjacent to the stretched region. This method eliminates and controls for the multiple reflex vascular and neurohormonal responses to models of pressure/volume overload.
How Does Stretch Remodel Cx43?
The decrease in Cx43 quantity caused by stretch might result from a decrease in synthesis, an increase in breakdown or a decrease in translocation to the membrane triggered by the stretch. Since the turnover of Cx43 in adult myocardium is relatively rapid (half life of ~2h ) (16) any of these mechanisms or a combination might explain the findings of the present study, but our experiments do not distinguish between mechanisms. Mechanotransduction processes have been described in ventricular myocardium in vitro, whereby a mechanical stimulus can result in changes of gene expression (17) and activation of signaling pathways(1), and localized stretch of adult myocardium in vivo can result in the upregulation of genes such as c-fos and c-myc which may be involved in the hypertrophic response (10) . The effects of stretch on pathways involved in formation, breakdown or translocation of Cx43 in adult myocardium are unknown. In disease states, such as human heart failure (18) , and in corresponding animal models, there is evidence indicating reduced formation of Cx43 (18;19) and increased breakdown (20) . There is evidence that changes in phosphorylation may also play a role in regulating Cx43 turnover (21) .
That the remodeling of Cx43 was prevented by olmesartan, implicates angiotensin II in the stretch induced changes. In vivo studies have demonstrated that mRNA expression of cardiac angiotensinogen(22;23), angiotensin converting enzyme (ACE) (24;25) and Ang II type 1 and type 2 receptors (AT1 and AT2, respectively)(26;27) are upregulated in response to pressure overload or after myocardial infarction in various animal species.
These in vivo studies have been unable to distinguish between systemic and potential paracrine effects (28) . The present study indicates that local (paracrine) release of angiotensin II can cause Cx43 remodeling, but the mechanism by which angiotensin II is related to Cx43 remodeling in our study is unknown.
How Does Stretched Induced Remodeling of Cx43 Influence Conduction Velocity
We found a decrease in transverse but not longitudinal conduction velocity in our experiments. The decrease in Cx43 in our experiments (13%) was modest and might not be expected to cause a decrease in velocity based on prior modeling studies. However, there are unlikely to be other changes that decrease velocity specifically in the transverse direction. For example, if there were a decrease in sodium current caused by stretch, a decrease in longitudinal velocity would also be expected. The significant increase in Cx43 on lateral membranes might be expected to increase conduction velocity through improved transverse coupling. This assumption is based on the supposition that the Cx43 in the lateral membranes forms functional gap junctions. However, in a canine model of lateralization of Cx43 in the epicardial border zone of myocardial infarcts in which transverse conduction is also slowed(13) a corresponding increase in lateral gap junctions on electron microscopic examination was not seen, leading to the conclusion that the lateral Cx43 did not form morphologically distinct intact gap junctions (29;30) , and that the decrease in transverse velocity was attributed to the decrease in total Cx43. Modelling studies have indicated that modest decreases in myocardial gap-junctional coupling here are likely to have a greater affect on transverse than longitudinal propagation (31) . This differential effect on transverse conduction is confirmed by studies with gap junctional blockers (32) and in animal models with selectively reduced Cx43 expression, particularly it seems in the right ventricle (33) . The same authors found that in senescent mice with reduced Cx43 and increased fibrosis there was an effect only on transverse conduction velocity in the right ventricle (34) . They speculated whether this may have been secondary to the transmural nature of fibrosis in the right ventricle combined with the reduction in Cx43.
Stretch Effects on Neonatal Myocardium; Differences from Adult Myocardium
Our results are different from those described in studies on neonatal myocytes in tissue culture, where there are marked differences from the adult myocyte genotype and phenotype.
Upregulation of Cx43 protein determined by Western blotting was reported after 4 hours of 20% pulsatile stretch of neonatal rat myocytes (35) . Both pulsatile and nonpulsatile stretch (1-6 hours) caused an increase in Cx43 immunoreactive signal assumed to represent gap junction formation, and an increase in conduction velocity (8) .
The underlying mechanisms for these effects of stretch in neonatal myocytes in culture have been studied in detail, including the effects of stretch on patterns of gene expression, and signaling pathways. Multiple MAPK family members, including p44/p42 MAPKs, stressactivated protein kinase (p38 MAPK), and focal adhesion kinase [p125(FAK)], are all activated by pulsatile stretch (36) . The effects of stretch to increase Cx43 were mimicked by exposure of the cultures to angiotensin (37) . Angiotensin is released by stretch of neonatal myocytes in culture (28) and the concept of a paracrine effect on Cx43 levels of this locally released angiotensin is further supported by the observation that the angiotensin II receptor blocker losartan attenuates the increased Cx43 expression, with a similar weight of evidence to that supporting interpretation of the present study, but with opposite direction of change (38) . Neonatal myocytes might be expected to respond to stretch differently than adult myocytes. Differences between neonatal and adult myocytes in mechanisms for transduction of mechanical stimuli to activation of signaling pathways, factors controlling protein synthesis, and effects of angiotensin II on protein synthesis have been described (39) . There is significant active synthesis of Cx43; Cx43 mRNA levels accumulate progressively during early neonatal stages accompanied by a parallel but temporally delayed accumulation of Cx43 protein. Transcriptional regulation is likely to be the major determinant of Cx43 abundance, a possible difference from adult myocytes (40) .
In addition, the differences in the physical characteristics and multicellular architecture between neonatal myocytes in culture and adult myocytes in intact myocardium might influence the response to stretch. Neonatal myocytes are more rounded with no anisotropy of structure, unlike the elongated adult myocytes alignment in anisotropic tissue. Cx43 in cultured neonatal myocytes (as in intact neonatal ventricular myocardium) is distributed around the entire cell perimeter rather than being located at the poles of the cells in intercalated disks as in adult myocytes(9;41;42). Therefore, lateralization as part of the remodeling process cannot be investigated. Further, conductance of gap junctions in neonatal myocytes is lower than in adults (43) , resulting in slower conduction and confirming an absence of the typical anisotropic conduction patterns of adult myocardium (44) . A progressive increase in cellular coupling accompanies postnatal cardiac development that is related both to the increase in Cx43 and to eventual restriction of the Cx43 to the intercalated disk (9) .
Significance of Effects of Stretch on Cx43 Remodeling in Cardiac Pathology
Changes in wall stress and stretch of the ventricular myocardial cells occur naturally during beating of the heart and cause increases in muscle length and width during diastole from the filling of the chambers and during systole from the resistance of the afterload. Numerous studies of failing human myocardium have demonstrated downregulation of Cx43 and remodeling of gap junctions (45) (46) (47) . Mechanical stretch is thought to play an important role in the remodeling of the cardiac phenotype in both myocardial hypertrophy and heart failure. However, a relationship between stretch and Cx43 remodeling in adult myocardium has not previously been shown. Our results are consistent with studies on experimental and clinical cardiac failure where the amount of Cx43 has been shown to be decreased and lateralized and cell to cell coupling is decreased (46;48) .
Conclusion
Stretch of the ventricular myocardium is an independent stimulus for Cx43 gap junction remodeling mediated by the RAS. The remodeling resembles that which occurs in heart failure and myocardial infarction. Therefore, stretch is likely to be one of a group of stimuli occurring in multiple cardiac pathologies that contribute to gap junction remodeling. 
